The clustered regularly interspaced short palindromic repeat (CRISPR)/Cas system confers acquired heritable immunity against mobile nucleic acid elements in prokaryotes, limiting phage infection and horizontal gene transfer of plasmids. In CRISPR arrays, characteristic repeats are interspersed with similarly sized nonrepetitive spacers derived from transmissible genetic elements and acquired when the cell is challenged with foreign DNA. New spacers are added sequentially and the number and type of CRISPR units can differ among strains, providing a record of phage/plasmid exposure within a species and giving a valuable typing tool. The aim of this work was to investigate CRISPR diversity in the highly homogeneous species Erwinia amylovora, the causal agent of fire blight. A total of 18 CRISPR genotypes were defined within a collection of 37 cosmopolitan strains. Strains from Spiraeoideae plants clustered in three major groups: groups II and III were composed exclusively of bacteria originating from the United States, whereas group I generally contained strains of more recent dissemination obtained in Europe, New Zealand, and the Middle East. Strains from Rosoideae and Indian hawthorn (Rhaphiolepis indica) clustered separately and displayed a higher intrinsic diversity than that of isolates from Spiraeoideae plants. Reciprocal exclusion was generally observed between plasmid content and cognate spacer sequences, supporting the role of the CRISPR/Cas system in protecting against foreign DNA elements. However, in several group III strains, retention of plasmid pEU30 is inconsistent with a functional CRISPR/Cas system. Clustered regularly interspaced short palindromic repeats (CRISPRs) (23, 51, 55) are arrays of highly conserved direct DNA repeats that are interspersed by unique, similarly sized spacers. CRISPRs were first described for Escherichia coli (25), and bioinformatic analyses of sequenced genomes were able to locate them in approximately 90% of archaeal and 40% of bacterial species (30). Depending upon the species, CRISPRs range from 24 to 48 bp and CRISPR spacers range from 26 to 72 bp in length (16). Spacers matching sequences in bacteriophage genomes or transmissible plasmids (3, 23, 39) were shown to provide a defense against invasion by foreign nucleic acid elements (2, 5, 34) .
Clustered regularly interspaced short palindromic repeats (CRISPRs) (23, 51, 55) are arrays of highly conserved direct DNA repeats that are interspersed by unique, similarly sized spacers. CRISPRs were first described for Escherichia coli (25) , and bioinformatic analyses of sequenced genomes were able to locate them in approximately 90% of archaeal and 40% of bacterial species (30) . Depending upon the species, CRISPRs range from 24 to 48 bp and CRISPR spacers range from 26 to 72 bp in length (16) . Spacers matching sequences in bacteriophage genomes or transmissible plasmids (3, 23, 39) were shown to provide a defense against invasion by foreign nucleic acid elements (2, 5, 34) . CRISPR arrays are flanked by a set of CRISPR-associated (cas) genes (17) that encode the Cas proteins involved in processing and binding of the pre-CRISPR RNA (pre-crRNA) transcribed from the CRISPR array (6, 18, 55) . Eight different CRISPR/Cas system subtypes have been identified so far, each containing a set of subtype-specific cas genes in combination with a variable number of core cas genes (17) . Each set of subtype-specific genes is associated with a definite CRISPR (30) , and sequence-and structure-specific recognition between Cas proteins and CRISPRs was found to be crucial for processing of pre-crRNA (5, 20) . The resulting small CRISPR RNA (crRNA)-Cas protein complexes direct immunity against foreign DNA (13, 34) or RNA (19) infection by a mechanism based on strict identity between the incorporated CRISPR spacer and the nucleic acid target (5) . New spacers derived from foreign DNA elements are incorporated in a polarized manner at the 5Ј end of the CRISPR array next to the leader sequence (2, 9, 56) . A short contiguous sequence, the protospacer adjacent motif (PAM), directs the selection of the target sequences by the CRISPR/Cas system (24, 40) . This structured integration of novel spacers provides both an evolutionary imprint and heritable acquired immunity (51) . Evolutionary remnants of CRISPR spacers distinguish subsequent lineages and can be exploited for spoligotyping applications (3, 8, 10, 14, 41, 44) . The unidirectional assembly mechanism of CRISPR arrays reveals genotypic divergence chronologically, with newly acquired spacers located closest to leader sequences (44) , whereas strain-level variation is further provided by internal spacer deletions (9) or duplications within consecutive spacers (8, 21, 54) .
Erwinia amylovora was the first phytopathogenic bacterium described and causes fire blight, the most important global disease threat to pome fruit and Rosaceae (Spiraeoideae) plants (43) . Intercontinental dissemination from the United States occurred relatively recently to New Zealand (1910s), the United Kingdom and Northern Europe (1950s) , and the Middle East (1960s) (4) . Long-distance dispersal occurs principally via infected plant host material, limiting the number of invasion events into new regions. E. amylovora, even strains from the area of origin in North America (42) , has been considered a genetically low-diversity species based on previous molecular approaches, including pulsed-field gel electrophoresis (PFGE) (27, 28) , PCR fingerprinting based on PCR ribotyping (11, 37) , rep-PCR (1, 46) , amplified fragment length polymorphism (AFLP) analysis (47) , random amplified polymorphic DNA fragment (RAPD) analysis, and amplified rRNA gene restriction analysis (ARDRA) (42) . While strain patterns derived using these methods distinguish strains from Rubus (subfamily Rosoideae) and other Spiraeoideae plants (1, 37) and indicate a North American origin based on the slightly greater diversity of strains from this region (47), they provide poor discrimination of strains within local infested regions, which is required for effective implementation of phytosanitary control measures.
In this study, we describe a CRISPR-based approach to resolve E. amylovora strain biodiversity. Recent complete genome sequencing of E. amylovora CFBP1430 revealed the presence of three CRISPR repeat regions (CRRs), designated CRR1, CRR2, and CRR4 (renamed from CRR3 [see below]), in E. amylovora (50) (Fig. 1) . We analyzed CRISPR locus organization and diversity for the potential to genotype E. amylovora strains of global origin. Additionally, we examined the potential function of the CRISPR/Cas system in protecting the fire blight pathogen against foreign nucleic acid elements by relating the results obtained with the sequences of known E. amylovora bacteriophages or with plasmid distribution in the corresponding strains.
MATERIALS AND METHODS
Bacterial strains. The 37 E. amylovora strains used throughout this study were obtained from several sources, including culture collections, generous gifts from other laboratories, and our own field samples. They originated from various areas in Europe, North America, New Zealand, and around the Mediterranean and were isolated from various cultivars of apple and pear as well as from other fire blight host plants within the Rosaceae family (Table 1) . Strains were routinely grown overnight (16 to 18 h) at 28°C in Luria-Bertani (LB) broth prior to DNA extraction.
PCR amplification and DNA sequencing of CRISPR arrays and cas genes. Chromosomal DNAs were isolated with a Wizard genomic DNA purification kit (Promega, Dübendorf, Switzerland) from 1.5-ml aliquots of overnight cultures grown at 28°C in LB. All primers used for DNA amplification and sequencing in this work are provided in Table S1 in the supplemental material. The three CRRs were amplified by PCR, using primer pairs C1f01/C1r01, C2f01/C2r01, and C4f01/C4r01. Amplification of the cas operon was performed for strains UTRJ2 and OR29, using three primer pairs (cas3-f1/cse1-r1, cas3-f4/cas5-r1, and cse4-f1/C2r04 [UTRJ2] or cse4-f1/C2r05 [OR29]), to obtain an equivalent number of amplicons of about 3 kb covering the complete 8.5-kb region containing the eight cas genes. Each PCR was performed with 10 ng of genomic DNA in a total volume of 40 l, using a 0.4 mM concentration of each primer in a final concentration of 1ϫ master mix from a HotStarTaq master mix kit (Qiagen, Basel, Switzerland). The PCR program consisted of denaturation and activation of the HotStarTaq enzyme for 15 min at 95°C, followed by 35 cycles of denaturation for 30 s at 95°C, annealing for 30 s at 60°C, and extension for 3 min at 72°C. Positive PCR amplification was verified by loading 5 l of each reaction mixture into a 1.2% agarose gel. All PCR products were purified using a MultiScreen PCR plate (Millipore, Molsheim, France) and directly sequenced using an ABI Prism BigDye Terminator v1.1 cycle sequencing kit (Applied Biosystems, Foster City, CA) with the same primers used for amplification. Except for CRR4, a primer walking strategy using primers designed from the nonrepetitive spacers of the CRISPR arrays (or internal primers in the case of cas genes) was needed to complete sequencing of the PCR products.
Spacer crawling. Several strains that contained plasmid pEU30 did not produce any CRR1 amplicons. We found that a larger CRR1 sequence (i.e., containing a larger number of spacers and repeats) was present, creating problems for amplifying the region with a single conventional PCR. Thus, we developed a "spacer crawling" strategy using primers designed from both flanking regions of CRR1 (echF and cas3R) in combination with primers targeting the CRR1 repeat on the cDNA strand (C1repR and C1repF, respectively). The PCR was performed using a slightly modified protocol with respect to that described above (i.e., with annealing for 30 s at 57°C and extension for 7 min at 72°C). Reactions produced a number of amplicons of increasing length, each differing by 61 bp (i.e., one spacer and one repeat) from the next-smaller amplicon, resulting in a stuttering pattern on the gel. After purification on a MultiScreen PCR plate, the PCR product combinations could be utilized as templates for subsequent sequencing reactions using respective primers located on the flanking regions. Once the beginning of the repeat region was reached, further primers based on the spacers of CRR1 were designed until sequencing of the original PCR products was possible. As necessary, the entire procedure was reiterated starting from a further location in the sequence until the left and right contigs could be joined together over at least three spacers. Bioinformatic analysis. The obtained DNA sequences were analyzed, edited, and assembled using Sequencher, version 4.9 (Gene Codes Corporation, Ann Arbor, MI). CRISPR spacers and repeats were identified using CRISPRfinder (16) . The similarity of each spacer to sequences deposited in GenBank was analyzed by BLASTN, using an E value cutoff of 0.1. Only sequences pointing to mobile genetic elements and viruses were considered legitimate hits, whereas those pointing to implausible targets for the CRISPR/Cas system were discarded as random matches (moreover, the similarity to these sequences was usually well below 100%, except in the case of mammalian genomic libraries, where the hits were often located within the plasmid vectors used to construct the libraries). Sequences of CRRs and associated cas genes in the complete genomes of the closely related strains Erwinia pyrifoliae DSM12163 T (49) and Erwinia tasmaniensis Et1/99 (29) , which contain four (CRR1 to CRR4) and two (CRR3 and CRR4) CRRs, respectively, were included in our analysis for comparison (Fig.  1) . The online software WebLogo (7) was used to visualize PAMs (40) in the sequence of E. amylovora plasmid pEU30 (12) . The secondary structure of RNA derived from direct repeat motifs of each single CRR was predicted using RNAfold (22) , a software product that calculates the stability of each possible secondary structure. 
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Cluster analysis. An unweighted-pair group method using average linkages (UPGMA)-based tree that included all E. amylovora strains used in this study was generated using MEGA, version 4.0 (53), with distance calculations applied on the binary-coded data as generated based upon the presence or absence of each individual spacer in the concatenated CRR arrays. Throughout this work and for the purpose of comparative analysis between strains unbiased by single DNA mutations, similar spacers diverging from each other by no more than three single-nucleotide polymorphisms (SNPs) were considered equivalent if they were found in the same succession on the same CRR. The rationale for this was to avoid misleading discrimination between spacers simply due to unrelated acquisition of SNPs within spacers.
Plasmid content. All strains were tested by PCR for the presence of known E. amylovora plasmids pEU30, pEL60, pEA29, pEI70, pEA1.7, and pEA2.8. Specific primers were designed in our study or were retrieved as available from the literature (see Table S1 in the supplemental material). When necessary, the amplicons obtained were sequenced to confirm that they did correspond to a specific plasmid.
RESULTS
Sequence analysis of CRISPRs and organization of cas genes. Direct repeats of both CRR1 and CRR2 were 29 bp long and differed in only two adjacent base pairs in the central region of their sequences that are expected to be situated in the loop region of the hypothesized RNA secondary structure, while the CRR4 repeat was 28 bp long and showed no sequence similarity with the two previous sequences (Fig. 2) . As observed previously in other organisms (26) , the last repeat at the 3Ј end of each CRR was degenerate to some extent. The predicted correspondence between cas gene subtypes (17) and repeat clusters (30) was corroborated herein, confirming that Ecoli-subtype genes appear exclusively in the proximity of structured repeat cluster 2, while Ypest-subtype genes correspond strictly to cluster 4 ( Fig. 1) . Comparison with CRRs of related Erwinia species showed that sequences of CRR1 and CRR2 repeats (belonging to Kunin's cluster 2) in E. amylovora are identical to the equivalent regions in E. pyrifoliae, whereas the repeat of CRR4 (Kunin's cluster 4) perfectly matches the one found in CRR4 of E. pyrifoliae (5Ј-GTTCACTGCCGTA CAGGCAGCTTAGAAA-3Ј), diverging by 1 bp (in bold) from the CRR4 repeat (5Ј-GTTCACTGCCGTACAGGCAG CTTAGAAG-3Ј) of E. tasmaniensis Et1/99. The CRR3 repeats of E. pyrifoliae and E. tasmaniensis are identical to each other but differ by 1 bp (5Ј-GTTCACTGCCGCACAGGCAGCTT AGAAA-3Ј) from the CRR4 repeat of E. amylovora and E. pyrifoliae DSM12163 T , hence the decision to rename the third CRR found in E. amylovora (50) CRR4. In E. pyrifoliae, two independent sets of cas genes (cse and csy, corresponding to the Ecoli and Ypest subtype variants, respectively) are associated with two distinct CRRs (49) . The csy genes and one of the associated CRRs were apparently lost in E. amylovora, leaving only CRR4 as a relic. This fact, along with the relative invariability of the CRR4 array in E. amylovora (see below), may be an indication that this region is no longer evolutionarily active in this species. Meanwhile, loss of the cse genes as well as both related CRRs seems to have occurred in E. tasmaniensis, where a single slightly degenerate repeat was found in the intergenic region between ech1 and ETA_08260 (Fig. 1) .
In all three Rubus strains, the four genes that in E. amylovora CFBP1430 are found between CRR1 and cas3 are interleaved in an ϳ20-kb genomic island which is flanked by an IS630 family transposase and embraces several other genes, including a type II nonribosomal peptide synthase/polyketide synthase (NRPS/PKS) gene (45) .
Analysis of CRISPR spacers. A total of 454 distinctive CRISPR spacers were identified among the 37 E. amylovora strains ( Fig. 3; see Table S2A to D in the supplemental material) and were numbered progressively (strain by strain, in order of discovery) in 3Ј-to-5Ј orientation with a four-digit code, whereby the first digit designates affiliation with the equivalent CRR. Over 95% of the spacers were 32 bp long, with the remaining spacers ranging mostly from 30 to 34 bp. Notable exceptions were a 10-bp spacer in CRR1 of strain IL-5 (spacer 1144), consisting of a (GT) 5 repeat; a 42-bp spacer in the CRR2 of Ea6-96r (spacer 2143) displaying a duplication of its last 10 bp; and a 63-bp spacer (spacer 1043) found in CRR1 of group III strains (for strain groupings, see below). The first 32 bp of the last spacer were identical with those of spacer 1012, suggesting that spacer 1043 may have been generated by the fusion of two contiguous spacers after the loss of the middle repeat (Fig. 3) .
Sequence diversity in CRISPR arrays. The numbers of spacers in the first two CRRs showed large variations among the different E. amylovora strains. CRR1 was found to contain between 12 (strains UTRJ2 and UTFer2) and 98 (strains OR29, LA092, and JL1189) spacers, whereas between 23 (strain Ea110R) and 49 (strains in group III) spacers were counted in CRR2. On the other hand, the number of spacers in CRR4 was almost invariant and included the same five spacers in all but three strains. Those three exceptions were isolated from Rubus host plants, and they had only minor changes in the identity of the last one or two spacers at the 5Ј end of the array.
Across the 37 E. amylovora strains analyzed in detail, 14 and 13 distinct genotypes were resolved for CRR1 and CRR2, respectively, and 3 were resolved for the CRR4 region (Fig. 3) . When sequence results for all three CRISPR regions were combined, the 37 strains could be assigned to 18 distinct genotypes (Fig. 4) deleted or at some point divergent evolution occurred at the 5Ј end of the array (Fig. 3) , leading to the formation of three major genotypic groups following cluster analysis (Fig. 4) . Since the construction of the unrooted UPGMA tree was based upon total numbers of differences between pairwise strain comparisons, its topology (but not its clustering) is biased by the relative size of the different CRISPR region in each strain. Thus, the early branching of group III probably does not reflect its real phylogenetic position with respect to other E. amylovora strains but may rather be the result of rapid divergence caused by the increased accumulation of spacers in CRR1 ( Fig. 3 ; see Fig. S1 in the supplemental material). Group I can be divided into subgroups IA and IB, with the latter characterized by deletion of spacers 2014 to 2021 in CRR2, and contains strains of diverse geographical origins, i.e., Europe, the Mediterranean, New Zealand, and North America. Among these strains, Ea273 was the one most related to non-North American isolates, suggesting that an isolate with a similar genotype was responsible for the introduction of the disease outside North America. Both group II and group III comprised exclusively strains originating from the United States, many of them carrying plasmid pEU30. Compared to strains from group I, strains in group II showed deletion of over 20 spacers in CRR1 (spacers 1005 to 1023 and 1026 to 1029), one of which (1022) matches plasmid pEU30 (see below). The same array of strains of CRISPR group III was much larger and contained up to 98 spacers, and only 10 and 2 were shared with group I and II strains, respectively (Fig. 3) . Furthermore, group III strains presented a peculiar set of 17 spacers (2038 to 2055) at the 5Ј end of CRR2, suggesting that these strains diverged from the other two groups before their encounter with plasmid pEU30 (signaled by spacers 2042 to 2047 [see Table S2B in the supplemental material]). In Indian hawthorn strain IH3-1, the more ancient 3Ј-end region of Table  S2A to D in the supplemental material. The arrays are oriented in the 3Ј-to-5Ј direction, meaning that the spacers next to the leader sequence are on the right side of the picture and that within the same block, the numbering generally increases chronologically from the most ancient to the more recent spacers. Identical spacers within the same block are vertically aligned and colored gray, whereas identical spacers between different blocks are represented by the same color. A white box indicates the absence of the corresponding spacer in a given genotype. A yellow "x" inside a box points to the presence of SNPs in one spacer with respect to the consensus. Duplicated spacers within the same array are characterized by the same number at the spacer position (highlighted in red). Strains or CRISPR groups encompassing one or more CRR genotypes are indicated to the right of the array. Fig. 3 ), the PFGE type (27, 57) , and the PCR ribotype (11, 37 ). An absence of data is indicated by a dash. The geographic origin of each strain is indicated in parentheses as follows: CA, Canada; CH, Switzerland; DE, Germany; ES, Spain; ET, Egypt; FR, France; IL, Israel; IT, Italy; LB, Lebanon; NL, Netherlands; NZ, New Zealand; UK, United Kingdom; and US, United States. Results of CRISPR typing were converted in a binary array according to the presence or absence of each spacer, and taxonomy was inferred using the UPGMA method (1,000 bootstrap replications; only values of Ͼ50% are shown; there were 461 positions in the final data set).
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CRR2 matched to some extent the spacers in the corresponding array of E. amylovora strains from Malus or Pyrus, even if it displayed the displacement of a few spacers and some sequence variation (SNPs) within the spacers themselves. The CRR1 region of strain IH3-1, in contrast, shared only the most ancient 3Ј-terminal spacer with other strains isolated from Spiraeoideae plants.
Apart from the modest variation described above for CRR4, the other two CRRs of Rubus-derived strains Ea696r, Ea796r, and IL-5 showed little commonality with each other or with Spiraeoideae-derived strains. Only the 3Ј-terminal spacer of CRR2 in strain IL-5 matched the corresponding sequence in Spiraeoideae strains. Comparison with spacers found in the related Erwinia strains E. pyrifoliae DSM12163
T and E. tasmaniensis Et1/99 showed no similarity with those in E. amylovora strains for any CRR (Fig. 3) .
Plasmid distributions in individual E. amylovora strains. The investigated strains were found to carry a range of the currently described E. amylovora plasmids ( Fig. 4; Table 1 ). Previous observations that have demonstrated the near ubiquity of pEA29 (NCBI GenBank accession number NC_013957) were confirmed here, with the plasmid being absent only in strain UPN527 (32) . For Rubus-derived strains Ea6-96r and Ea7-96r, but not for IL-5, the amplicon produced by primers AJ484 and AJ485, targeting the msrA gene of pEA29, was shorter than that obtained from E. amylovora strains obtained from Spiraeoideae plants, suggesting that both strains may carry a variant of pEA29 that is similar or identical to the one observed in the Rubus-derived strain MR1, where a 1,264-bp sequence was found to replace a 1,890-bp region typically conserved in all other strains (35) .
Many group II and group III strains selected for this study were shown to carry pEU30 (GenBank accession no. NC_005247), with the exception of CFBP3792, JL1185, and LA476. Conversely, pEU30 was not detected in any group I strain. The distribution of other plasmids proved numerically less important. The presence of plasmid pEL60 (NC_005246) was restricted to a number of strains originating from the Middle East, specifically from Israel (Ea209) and Lebanon (LebA3 and LebB66); plasmids pEA72 (NC_013973) and pEI70 (31) were each found only once within our collection of strains (i.e., in Ea273 and ACW56400, respectively); and plasmid pEA1.7 (NC_004940) was detected only in the Indian hawthorn strain IH3-1. Positive amplification was obtained using primer pair pEA2.8-fw/pEA2.8-rev, targeting ColE1 plasmid pEA2.8 (NC_004446), with Rubus strain Ea7-96r. The size of the amplicon and part of its sequence were different from those reported previously for strain IL-5 (36), but the region around the ColE1 origin was well conserved.
Sequences of CRISPR spacers and correlation with plasmid content. Only a fraction of spacers (21.8%) showed significant similarity to any sequences in current databases (39) , and most of them were homologous to fragments of plasmid (15.9%) or viral (1.3%) genes rather than to chromosomal sequences. Noteworthy exceptions pointed to mobile elements integrated into the bacterial chromosome, such as prophages (4.0%) (e.g., spacers 1005, 1180, and 2106) or transposon (spacer 1275)-related sequences (see Table S2A to D in the supplemental material). This observation supports the current theory that the CRISPR/Cas system acts as a defense against foreign mobile genetic elements via an RNA-mediated interference mechanism (23, 33) . Nevertheless, no spacer matched the sequence of any of the four fully sequenced phages published thus far for Erwinia species (i.e., Felix01 [GenBank accession no. AF320576], ⌽Ea21-4 [NC_011811], Era103 [NC_009014], and ⌽Ea1 [48] ).
In the collection of strains investigated, no CRISPR spacer was found to be directed against the nearly ubiquitous plasmid pEA29, which is absent only in strain UPN527, or against plasmids pEI70 and pEA1.7, found in strains ACW56400 and IH3-1, respectively. Spacer 2008, presenting three mismatches to a region of ColE1-type plasmid pEA2.8, was shared by all strains under investigation, with the exception of Rubus-derived strains IL-5 and Ea7-96r. Another spacer, 2133, presented an additional inserted base compared to a corresponding sequence found on the same plasmid in strain Ea6-96r (see Table S2B in the supplemental material). In agreement with the current model about the immunity function of the CRISPR/Cas system, plasmid pEA2.8 was detected in only two of the strains (i.e., IL-5 and Ea7-96r) that did not display any matching spacers in their CRISPR arrays, although the number of nucleotide substitutions between protospacer and spacer and the location of the latter near the 3Ј end of CRR2 indicate that the encounter of E. amylovora with this ColE1-type plasmid was not recent.
The presence of CRISPR spacers against pEA72 in strains corresponded to the absence of this plasmid. All strains from Spiraeoideae plants included at least one spacer perfectly matching some region of pEA72, with the exception of the apple strain Ea273. In Ea273, this plasmid was present, and compared to other group I and II strains, CRR2 spacer 2004 had been lost (Fig. 3) . It is noteworthy that on pEA72, sequences matching actual CRISPR spacers were not distributed stochastically but were concentrated primarily in or around the repA gene, encoding the putative replication protein, whereas an extensive, Ͼ40-kb region of the plasmid was completely devoid of protospacers (Fig. 5A ). This may be ascribed to the mosaic-like nature of the plasmid itself, which appears to share part of its sequence with pEU30 and pET46 (see Fig. S2 in the supplemental material), and it may suggest that pEA72 originated via the insertion of a wide region of foreign DNA from a related ancestor plasmid after the latter had challenged E. amylovora for the first time.
Also in accordance with the currently accepted model (13), spacer 1022 against pEU30 was located in a section of CRR1 in group I isolates that was missing in group II isolates (Fig. 3) , therefore allowing the presence of the plasmid in the latter strains. However, in group III strains, six consecutive spacers at the 5Ј end of CRR2, as well as up to 31 spacers in the CRR1 region, were shown to correspond to sequences present in plasmid pEU30, an observation that for four strains (JL1189, LA092, OR25, and OR29) is in obvious disagreement with the model of mutual exclusion between a foreign genetic element and CRISPR spacers matching its sequence. For group III strain OR29, Sanger sequencing of two separate sections of pEU30, encompassing part of the repA gene along with its downstream region (1,866 bp) or spanning virB4 and virB5 (1,489 bp) and covering a total of 12 protospacers (Fig. 5B) , showed perfect identity to the corresponding sequence of the plasmid in group II strain UTRJ2 (12), indicating that in these VOL. 77, 2011 CHARACTERIZATION OF E. AMYLOVORA CRISPR REGIONS 3825 regions the plasmid did not undergo any mutation in either the protospacer itself or the PAM to overcome the CRISPR/Cas system. Sites on pEU30 that corresponded to sequences of CRISPR spacers in group III strains were evenly distributed around the whole plasmid in a way that most of its genes could be related to at least one spacer (Fig. 5B) . Analysis of the PAM in pEU30 revealed that a three-nucleotide consensus sequence (AAG) situated immediately upstream of the target region is likely accountable for the selection of spacers to be incorporated into CRRs (Fig. 6) . Sequencing of cas genes in group III E. amylovora strains. The large number of spacers of some group III strains that perfectly match a sequence on plasmid pEU30 is hardly compatible with the currently accepted mode of action for the CRISPR/Cas system. The option of CRISPR autoimmunity (52) was discarded, as no spacers were found to match the sequence of any of the cas genes or of the CRISPR array itself. We therefore explored the possibility that one or more defective cas genes may prevent the CRISPR machinery from fulfilling its role in group III strains by sequencing the section of the genome between CRR1 and CRR2 in pEU30-containing strains UTRJ2 and OR29 (CRISPR groups II and III, respectively). Comparison with complete genome sequences of E. amylovora strains CFBP1430 and Ea273 (50) revealed perfect identity among both group I strains and UTRJ2 over the entire cas gene cluster, including the leader sequence of CRR1. In contrast, five SNPs were detected in strain OR29, all of which were located at position 3 of the predicted codon. Four of these account for silent mutations in three different genes, specifically two in cas1 and one each in cas2 and cse2. A fifth one (60G3C) is predicted to cause the substitution of a glutamine for a histidine (Q20H) in Cas protein Cse1. Another peculiarity of OR29 was the absence of four predicted open reading frames (ORFs) situated between CRR1 and the cas3 gene in strains belonging to groups I and II (e.g., CFBP1430, UTRJ2, and Ea273) (Fig. 1) . However, none of these genes appeared to have a function which could obviously be related to the CRISPR machinery or was found to be associated physically with the cas gene cluster in other bacteria. The presence of these ORFs inside the ϳ20-kb genomic island inserted in the same spot of the genome in Rubus-derived strains suggests instead that they may be remnants of this region in group I and II strains (45) .
DISCUSSION
All E. amylovora strains from Spiraeoideae or Prunus plants fit within one of three main CRISPR groups, while strains obtained from Rosoideae (Rubus spp.) plants and Indian hawthorn strain IH3-1 clustered independently. Similarity between Prunus and Spiraeoideae strains of E. amylovora was reported previously (38) . Spacers of E. tasmaniensis and E. pyrifoliae show no commonality with those of E. amylovora, while Rubus and Spiraeoideae strains are highly similar regarding CRR4, confirming the placement of both as E. amylovora. CRISPR groups II and III are composed of strains from the United States, whereas CRISPR group I contains primarily strains from Europe and the Mediterranean. Groupings based on CRISPR diversity matched PCR ribotyping results. Ribotype 1 has been reported to be the dominant pattern found in E. amylovora strains from eastern North America and New Zealand (37) , and it was the sole profile recovered among European strains as well as for Ea273 (11) . Ribotype 3 is prevalent in strains from the western United States (37) . Thus, PCR ribotypes 1 and 3 appear to correspond with CRISPR groups I and III, although CRISPR analysis further resolves these two ribotypes into nine and three distinct genotypes, respectively. Conversely, CRISPR genotyping did not completely overlap with PFGE-derived Pt grouping used to outline geographic distribution patterns for E. amylovora (27) but was able to discriminate similar strains within individual PFGE Pt groups, thus demonstrating deeper resolution power than that of PFGE, in particular within populations of similar geographic origin. For instance, a comparatively high level of diversity was revealed for five Swiss strains of similar origin (years 2007 to 2008; ACW56400, ACW63230, ACW63579, ACW63889, and ACW64132) that fell into three different CRISPR genotypes. While this may also reflect an increased diversity of more recent strains than of older and more clonal populations, no new spacer was acquired at the 5Ј terminus in any of these strains, and diversity was mainly the result of duplications or deletions within CRRs. From this perspective, E. amylovora Ea263 appears to be the most evolutionarily recent strain in CRISPR group I, carrying an additional spacer compared to the other strains at the 5Ј ends of both CRR1 and CRR2. Both spacers match sequences on plasmid SL483 of Salmonella enterica subsp. enterica (GenBank accession no. CP001137) and were possibly acquired from a related promiscuous enterobacterial plasmid.
Analysis of the different CRRs supports ideas about the origin of fire blight on domesticated Malus and Pyrus species. Global biodiversity among E. amylovora strains isolated from Spiraeoideae plants is very low in comparison to that among strains isolated from Rubus spp. We hypothesize that the Spiraeoideae genotype of E. amylovora was selectively enriched from the broader genetic pool present on wild host plants in North America with the introduction of European apple and pear. These new hosts may have selected pathogen genotypes highly virulent for domestic Malus and Pyrus. The primarily vegetative propagation of apple and pear trees employed in horticulture (i.e., grafting) would have resulted in clonal host populations unable to circumvent the disease, thus eliminating the need for diversification in the pathogen. This could explain the relatively small number of type III secretion system effectors, which reflect prolonged coevolutionary adaptation to diverse hosts, in E. amylovora (50) compared to other plant pathogens (e.g., Pseudomonas syringae and Xanthomonas) (15) .
Based on CRISPR data, the most probable genotype of the earliest causal agent of fire blight in apple and pear was similar to that of group IA strains, with spacers 2012 and 2013 probably lost after the separation of group III strains from the common ancestor. In fact, neither group IB nor group II strains can be ancestral, because compared to group IA strains they display extensive deletions in the central regions of CRR2 and CRR1, respectively. Likewise, the 5Ј end of CRR2 of group III strains shows a recent incorporation of new spacers possibly resulting from the encounter with plasmid pEU30. Accumulation of anti-pEU30 spacers is also evident in CRR1, which experienced major rearrangements leaving only a few spacers that share commonality with group I and II strains. The intermediate genotype observed for E. amylovora IH3-1 from Indian hawthorn warrants further analysis of strains from this ornamental, which was introduced into the United States from China, as a possible selective host for advanced divergence from Rubus or other Spiraeoideae genotypes. Together, our data support the hypothesis that fire blight and E. amylovora originated in the eastern United States and suggest a slow evolution during westward migration across North America. The genetic similarity observed within strains of the cosmopolitan CRISPR group IA also supports historical evidence of recent global dissemination of a founder strain. As with any biogeographic study, refinement based on deeper analysis of individual populations is needed, and this can be facilitated using the CRISPR tools described here (27) .
Compatible with the established mode of action of the CRISPR/Cas system, there was generally a good correlation VOL. 77, 2011 CHARACTERIZATION OF E. AMYLOVORA CRISPR REGIONS 3827 between the presence of spacers and the absence of target plasmids bearing cognate sequences. However, in group III strains such as OR29, pEU30 should theoretically be repelled by the accumulation of spacers perfectly matching several regions of the plasmid, and its retention may result from a partially defective CRISPR/Cas system. It is apparent that of the three distinct stages that shape the CRISPR/Cas defense mechanism (55), adaptation of the array via recognition of alien DNA and integration of new spacers is unaffected, while transcription analysis reveals that both cas gene and pre-crRNA are expressed at comparable levels in all three major CRISPR strain groups (our unpublished preliminary data). Thus, further work will be needed to assess whether the point mutation causing an amino acid substitution in Cse1 of group III strains is sufficient to affect subsequent processing of pre-crRNA or to disturb the interference mechanism itself, as the functions of individual cas gene products have not been elucidated completely. The four predicted ORFs between CRR1 and cas3 are not obviously involved in the CRISPR/Cas system, and their absence in group III strains is most likely not accountable for any malfunction thereof. However, their presence in group I and II strains as remnants of the genomic island found in Rubus strains further emphasizes the fact that group III strains are not ancestral in apple and pear trees.
Although CRISPR analysis applied to E. amylovora has a lower resolution than that of spoligotyping for Yersinia (44) , Streptococcus (3), and E. coli (10) , it offers greater strain discrimination than previously possible and provides a foundation for developing inoculum source-tracking methods. The chronological succession of spacers within CRRs also offers insight into fire blight spread, phage resistance, and plasmid content/ evolution.
